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SYNOPSISWe report a male with infantile onset propionic acidemia who underwent liver transplantation at 11 years of age and died at 19 years of age due to cardiomyopathy. We conclude that patients with propionic acidemia may develop lethal cardiomyopathy several years after successful liver transplantation.

1. INTRODUCTION {#jmd212119-sec-0001}
===============

Propionic acidemia (PA; OMIM: 606054) is an autosomal recessive inborn error of metabolism due to a deficiency of propionyl‐CoA carboxylase (EC: 6.4.1.3), which catalyzes the conversion of propionyl‐CoA to [d]{.smallcaps}‐methylmalonyl‐CoA in the mitochondrial matrix.[^1^](#jmd212119-bib-0001){ref-type="ref"} This multimeric, biotin‐dependent enzyme has six alpha‐ and six beta‐subunits that are encoded by the *PCCA* (OMIM: 232000) and *PCCB* (OMIM: 232050) genes. The frequency of PA is approximately 1 in 60 000, and the majority of patients are secondary to a *PCCB* gene mutation.[^2^](#jmd212119-bib-0002){ref-type="ref"}

As a consequence of the enzyme deficiency, there is an accumulation of propionyl‐CoA metabolites in blood and urine, such as propionylcarnitine. Urine organic acid analysis reveals elevated levels of 2‐methylcitrate, 3‐hydroxypropionate, tiglylglycine, and propionylglycine as well as lactate in some phenotypes.[1](#jmd212119-bib-0001){ref-type="ref"}, [2](#jmd212119-bib-0002){ref-type="ref"} In the neonatal period, PA manifests as lethargy, poor feeding, vomiting, and hypotonia; if not treated there may be progressive encephalopathy accompanied, usually, by metabolic acidosis with an increased anion gap due to lactic acidosis and ketosis, as well as hyperammonemia and hypoglycemia. A late onset form can present as a metabolic crisis under catabolic stress or with developmental delay, failure to thrive, protein intolerance, hypotonia, movement disorders, intellectual disability, and cardiomyopathy.[^2^](#jmd212119-bib-0002){ref-type="ref"} Rarely, patients may present with a phenotype in infancy that is largely neurologic in nature due to chronic basal ganglia destruction. This more uncommon phenotype supports the hypothesis that the mechanism of disease in PA is related to secondary mitochondrial dysfunction.

The diagnosis of PA usually takes place within the first few weeks of life. Signs are similar to metabolic intoxication.[^3^](#jmd212119-bib-0003){ref-type="ref"} Complications of PA include neurological sequelae, pancreatitis, and cardiomyopathy. Intellectual disability has been observed in at least 61% of patients by 3 years of age.[^4^](#jmd212119-bib-0004){ref-type="ref"} Dilated cardiomyopathy was reported to occur at a mean age of 7 years in 6 out of 26 patients or 23% of patients.[^5^](#jmd212119-bib-0005){ref-type="ref"}

Long‐term management of PA includes reducing accumulation of toxic metabolites by limiting dietary intake of natural protein and supplementation with a medical formula limited in the propiogenic amino acids (isoleucine, valine, threonine, methionine), maintenance of optimal calorie intake, carnitine supplementation, and metronidazole for reduction of propionic acid production by gut bacteria.[^1^](#jmd212119-bib-0001){ref-type="ref"} By its very nature, it is a progressive disease with no curative therapy. Liver transplantation (LT) results in clinical improvement in patients with PA and largely eliminates acute ketolacticacidotic crises.[6](#jmd212119-bib-0006){ref-type="ref"}, [7](#jmd212119-bib-0007){ref-type="ref"}, [8](#jmd212119-bib-0008){ref-type="ref"}, [9](#jmd212119-bib-0009){ref-type="ref"} However, propionate metabolites still remain elevated.[8](#jmd212119-bib-0008){ref-type="ref"}, [10](#jmd212119-bib-0010){ref-type="ref"} Mortality rates have been noted to decrease from 41%‐90% to 7%‐12% over the past four decades based on relatively small cohort studies.[^2^](#jmd212119-bib-0002){ref-type="ref"} The mortality rate following LT in patients with PA has been reported around 30%---a figure considered very high. Some liver transplant programs have had no deaths in a 10‐year span.[^11^](#jmd212119-bib-0011){ref-type="ref"} Cardiomyopathy was noted to resolve in a subset of patients with cardiac disease[5](#jmd212119-bib-0005){ref-type="ref"}, [7](#jmd212119-bib-0007){ref-type="ref"}, [12](#jmd212119-bib-0012){ref-type="ref"}, [13](#jmd212119-bib-0013){ref-type="ref"}, [14](#jmd212119-bib-0014){ref-type="ref"}, [15](#jmd212119-bib-0015){ref-type="ref"} and led to enthusiasm that perhaps LT would also eliminate the development or further progression of cardiomyopathy (Table [1](#jmd212119-tbl-0001){ref-type="table"}). We describe a patient with PA with an initial atypical neurometabolic phenotype in early infancy, whose cardiomyopathy had virtually disappeared prior to the time of LT, and returned 3 years later leading to his death.

###### 

Reversal of cardiomyopathy (CM) in propionic acidemia after liver transplantation (LT)

      Gender   Age at diagnosis of PA   Age at the onset of CM   Age at LT          Age at follow‐up                              Reference
  --- -------- ------------------------ ------------------------ ------------------ --------------------------------------------- ---------------------------------------------
  1   F        46 days                  2 years                  2 years 2 months   2 year 9 months                               [^15^](#jmd212119-bib-0015){ref-type="ref"}
  2   F        10 months                6 years                  6.7 years          7 years                                       [^5^](#jmd212119-bib-0005){ref-type="ref"}
                                                                 14 years           [^14^](#jmd212119-bib-0014){ref-type="ref"}   
  3   F        3 days                   9 years                  9 years            22 years                                      [^5^](#jmd212119-bib-0005){ref-type="ref"}
  4   M        8 months                 16 years                 16 years           17 years (70 days post transplantation)       [^12^](#jmd212119-bib-0012){ref-type="ref"}
  5   M        26 months                18 years                 22 years           33 years                                      [^13^](#jmd212119-bib-0013){ref-type="ref"}
  6   F        N/A                      N/A                      8.3 years          9.3 years                                     [^14^](#jmd212119-bib-0014){ref-type="ref"}
  7   M        7 days                   N/A                      8.7 years          10.8 years                                    [^7^](#jmd212119-bib-0007){ref-type="ref"}

*Note*: N/A: data not available.

2. CASE REPORT {#jmd212119-sec-0002}
==============

A male infant was delivered at term by C‐section due to fetal distress to a 39‐year‐old mother. Weight was 3.714 kg. The APGAR scores were 8 and 9. He was fed with standard infant formula and breast milk. For his first 7 days of life, he remained in the neonatal intensive care unit because of tachypnea and a low heart rate. He was noted to have acidosis, and an elevated level of plasma creatinine. He was fed a soy‐based formula because of frequent emesis and a persistent rash in the first month of life.

At 4 months, abnormal movements of the head and eye were observed. They were thought to be seizures and he was eventually started on anti‐epileptic medication. It is possible that this was solely an involuntary movement disorder. Plasma ammonia was elevated. At 5 months of age, urine organic acid analysis demonstrated elevated propionylglycine (38.3 mmol/mol creatinine). Plasma propionic acid (15.0 μmol/L; normal range: 0.6‐2.4) was also elevated. There were bilateral lesions in the basal ganglia and ultimately, he was confirmed to have developed a severe movement disorder with dystonia and choreoathetosis. The diagnosis of PA was confirmed with finding of low propionyl‐CoA carboxylase activity in cultured skin fibroblasts. Subsequently, he was prescribed a low protein diet supplemented with amino acid mixture devoid of valine, isoleucine, methionine, and threonine. He also received supplements of biotin, riboflavin, thiamine, and carnitine. Because of feeding difficulties, a G‐tube was placed at 6‐months of age. The patient was enrolled in a dextromethorphan research study (BCH), where he was given 2 mg/kg per day. Urine organic acid analyses showed elevated levels of 3‐hydroxypropionic acid, 2‐methyl‐3‐hydroxybutyric acid, propionylglycine, and tiglylglycine.

At 1 year of age, the Bayley scales of infant development was performed, and the patient scored less than 50 on mental and motor scales. The movement disorder worsened during late infancy. He subsequently entered a growth hormone trial at University of California San Diego. Analysis of plasma acylcarnitines showed an elevated level of propionylcarnitine (78.1 μmol/L; reference range: \<1.78). A murmur was first heard at 2 6/12 years of age at a routine clinic visit (Table [S1](#jmd212119-supitem-0002){ref-type="supplementary-material"}). Analysis of plasma amino acids showed glycine level of 1602 μmol/L (reference range: 133‐389). Chronic oral therapy with sodium benzoate was started at the age of 7 years. The objective was to lower the glycine concentration to normal. None of the treatment modalities had any major impact on the chronic basal ganglia deterioration, and by 9 years of age he manifested hypotonia, choreoathetoid movements, and dystonia. He also had brisk deep tendon reflexes. Because of hyperammonemia, he was also placed on sodium benzoate. Other medications that were used during childhood included: ubiquinol (400 mg/day), thiamine (25 mg/day), vitamin C (500 mg /day), biotin (10 mg/day), levocarnitine (1000 mg/day), Vitamin E, leucovorin, and cyanocobalamin.

The patient\'s first episode of overt cardiomyopathy was when he was at an outside hospital and received a baclofen pump. He suffered a *Staphylococcus* parameningeal infection after this procedure, which was associated with the first acute episode of cardiomyopathy when he was 9 8/12 years old (Table [S1](#jmd212119-supitem-0002){ref-type="supplementary-material"}). The pump was eventually removed. He was judged to not be a good candidate for heart transplant, but eventually achieved stability with medical management. Following aggressive therapy with inotropes and diuretics, the cardiomyopathy largely disappeared. Several months later he had an echocardiogram showing normalization of left ventricular function with ejection fraction of 65% and shortening fraction of 30%. He was then listed for liver transplant and this was then performed at 10 1/12 years of age (Table [S1](#jmd212119-supitem-0002){ref-type="supplementary-material"}). A pretransplant brain MRI revealed bilateral striatal lesions (Figure [S1](#jmd212119-supitem-0001){ref-type="supplementary-material"}). He was able to tolerate the liver transplant extremely well from a cardiac standpoint. His ejection fraction was 59% during the transplant admission. He did require a steroid pulse for 3 days for abnormal liver enzymes, and concern for acute cellular rejection. In addition, he developed significant hypertension. He had a seizure, along with hypertension on post‐operative day 16. MRI was suggestive of posterior reversible encephalopathy syndrome. In addition to the immunosuppressive medications, he remained on the same medications. Despite these immediate complications, he was able to be discharged on postoperative day 23. One additional episode of mild, early acute cellular rejection brought about the addition of mycophenolate mofetil to the immunosuppression regimen. There were no further episodes of acute metabolic decompensation and ketolacticacidosis.

The patient had slightly abnormal plasma creatinine level prior to transplantation, but this worsened post‐transplant. He developed chronic kidney disease that was thought to be secondary to the immunosuppressive therapy and left ventricular dysfunction. At 13 6/12 years of age, he underwent deep brain stimulation surgery for his extra‐pyramidal movement disorder. Postoperatively, he suffered his second acute episode of CM following an aspiration event (Table [S1](#jmd212119-supitem-0002){ref-type="supplementary-material"}). Because of heart failure, there was a major escalation in the number of medications that he was given. Cardiac function improved but required management with chronic oral heart failure therapy. His kidney function failed to normalize.

At 14 11/12 years of age, he presented with cardiogenic shock and pulmonary edema. The echocardiogram showed a left ventricular ejection fraction of 30%. Analyses of plasma acylcarnitine concentrations revealed a marked elevation of propionylcarnitine (C3) to 60 μmol/L (normal: 0‐0.87). The level of 2‐Methylcitrate in serum was markedly elevated at 56 386 nmol/L (normal range: 60‐228). It had been twice that prior to LT. Glycine concentration was 1726 μmol/L (normal: 133‐389); alanine 876 μmol/L (normal: 216‐497). Urinalysis showed large increases in 3‐OH‐propionic acid, tiglylglycine and methylcitric acid, plus small increases in propionylglycine.

On his final admission at 18 10/12 years of age, he presented with pulmonary edema secondary to heart failure (Table [S1](#jmd212119-supitem-0002){ref-type="supplementary-material"}). He experienced multiple episodes of intractable hypotension on maximum dosage of inotropes and diuretics. After redirection of care, he died at 19 years of age.

3. DISCUSSION {#jmd212119-sec-0003}
=============

The patient suffered a relapse of cardiomyopathy 3 years after LT. It is well known that LT does not completely eliminate the biochemical defect in PA. We have now learned that a recurrence of a cardiac disease is possible even after a successful LT. This is not the first time that lethal cardiac disease developed or was present after LT in patients with PA (Table [2](#jmd212119-tbl-0002){ref-type="table"}).[^14^](#jmd212119-bib-0014){ref-type="ref"} There have been several deaths in the immediate posttransplant period due to the progression of cardiomyopathy or rarely its immediate new development. But this is the first report of cardiomyopathy occurring several years after LT.

###### 

(Lethal) cardiomyopathy (CM) in propionic acidemia in the peri‐liver transplantation period

      Gender   Age at LT        Onset of CM post‐LT   Death (days after LT)   Reference
  --- -------- ---------------- --------------------- ----------------------- ---------------------------------------------------------------
  1   N/A      26 months (×2)   N/A                   D3                      Murphy et al (1992)[^a^](#jmd212119-note-0004){ref-type="fn"}
  2   F        2.2 years (×2)   Day 5                 D7                      [^14^](#jmd212119-bib-0014){ref-type="ref"}
  3   M        3.9 years        Day 14                D30                     [^14^](#jmd212119-bib-0014){ref-type="ref"}
  4   M        6.5 years        Day 3                 D12                     [^14^](#jmd212119-bib-0014){ref-type="ref"}

*Note*: N/A: data not available. (×2) indicates that the transplantation performed twice.

Abbreviation: LT: liver transplantation.

Reported only in abstract form in Leuven, SSIEM, 1992.

Our patient with infantile‐onset PA was transplanted at 11 1/12 years of age, following a period when his cardiomyopathy was in a quiescent phase, in an attempt to permanently eliminate its recurrence. Following the transplant, the patient enjoyed 2 5/12 years without overt heart disease, only to succumb eventually to its relentless progression at 19 years of age. In his lifetime, the appearance or re‐appearance of heart disease almost always seemed to be proceeded by a serious stressor, often infectious, such as a perioperative abscess following a baclopen pump implementation or deep brain stimulation surgery with post‐operative complications. The accumulation of propionyl‐CoA in mitochondria may be necessary but not sufficient for the development of cardiomyopathy. In this secondary mitochondriopathy, other factors that promote its development may be dependent on stress such as the immunological system perturbing cardiomyocyte gene expression and promoting cardiac remodeling. We do not believe that this is a reason to stop or curtail LT in PA. The quality of life for the family improves with LT[^2^](#jmd212119-bib-0002){ref-type="ref"} as it largely eliminates the recurrent episodes of ketolacticacidosis.[^16^](#jmd212119-bib-0016){ref-type="ref"} Cardiac transplantation is an option for patients with PA. However, the stress of a heart transplant and its follow‐up would likely result in a major episode of metabolic decompensation unless the recipient already had had a liver transplant. One might consider cardiac transplantation in a patient who has had a liver transplant and is well enough to withstand the rigors of this surgery and follow‐up. This area requires further investigation.

Complications associated with PA may present despite strict compliance with low‐protein diet. Aggressive management is required by patients in the course of acute metabolic decompensations, which may present frequently in the first few years of life.[^5^](#jmd212119-bib-0005){ref-type="ref"} Thus, frequent hospital visits, and the intensity of treatment may impact the lives of patients and their families. It is believed that younger patients, if managed well, may have a better prognosis resulting from decreased duration of metabolic intoxication and better state of nutrition. LT in patients with PA should be performed at an early stage of the disorder for better outcome.[^17^](#jmd212119-bib-0017){ref-type="ref"} Renal dysfunction in our patient was present after LT and significantly worsened following the recurrence of cardiomyopathy post‐deep brain stimulation surgery. We hypothesize that hypotension and poor perfusion, along with the deleterious effects of the immunosuppressive agent, played a major role in its pathogenesis. However, it is possible that PA *per se* as a renal cell autonomous toxicity may have also been responsible.

Kasahara has recommended early LT as this has the potential for improving the quality of life.[^8^](#jmd212119-bib-0008){ref-type="ref"} Three patients transplanted in the Kasahara study had experienced a stabilization in their metabolic status with no episodes of hospitalization due to metabolic decompensation, although there was no marked decrease in the levels of serum propionylcarnitine and urine methylcitrate. These patients did not experience cardiac insufficiency suggesting that transplantation is best applied in PA when the condition is still at its early stage.

Benefits of LT include decrease in the frequency of metabolic decompensation, improved quality‐adjusted life years, increased life expectancy, life‐time cost savings,[9](#jmd212119-bib-0009){ref-type="ref"}, [18](#jmd212119-bib-0018){ref-type="ref"} and reversal of dilated cardiomyopathy.[5](#jmd212119-bib-0005){ref-type="ref"}, [10](#jmd212119-bib-0010){ref-type="ref"} Continuous hemofiltration extracorporeal membrane oxygenation,[8](#jmd212119-bib-0008){ref-type="ref"}, [15](#jmd212119-bib-0015){ref-type="ref"} and left ventricular assist devices have been used while waiting for transplantation.[^12^](#jmd212119-bib-0012){ref-type="ref"} Quintero et al also described a patient who developed a life‐threatening arrhythmia during an aborted LT, was subsequently transplanted and 18 months later has had no evidence of cardiomyopathy.[^19^](#jmd212119-bib-0019){ref-type="ref"} Rammohan et al reported a patient with cardiomyopathy and LT but the outcome was unclear.[^20^](#jmd212119-bib-0020){ref-type="ref"} LT in patients with PA is not curative. It does not completely protect against a metabolic stroke. Life‐long posttransplant management is needed.[8](#jmd212119-bib-0008){ref-type="ref"}, [9](#jmd212119-bib-0009){ref-type="ref"}, [10](#jmd212119-bib-0010){ref-type="ref"} Continued protein restriction and [l]{.smallcaps}‐carnitine supplementation after LT is advocated.[8](#jmd212119-bib-0008){ref-type="ref"}, [10](#jmd212119-bib-0010){ref-type="ref"}, [21](#jmd212119-bib-0021){ref-type="ref"}

Most episodes of cardiomyopathy are not triggered by *bona fide* metabolic crises with ketolacticacidosis. Early discovery via routine echocardiography is key to effective treatment. Making firm conclusions about LT as an effective treatment for PA is complicated by the low incidence of PA and the limited global clinical experience with in these patients.[22](#jmd212119-bib-0022){ref-type="ref"}, [23](#jmd212119-bib-0023){ref-type="ref"} LT may be an effective treatment for PA but this may not always be the case when cardiomyopathy is involved.

The question of LT as an effective treatment for patients with early onset of severe PA is not resolved.[^23^](#jmd212119-bib-0023){ref-type="ref"} The benefits of LT are elimination of life threatening metabolic decompensations associated with ketolactacidosis, but the biochemical perturbations are not eliminated. The incidence of hyperammonemia is reduced drastically if not completely. LT may prevent or limit the neural and cognitive complications that are characteristic of the disease.[^6^](#jmd212119-bib-0006){ref-type="ref"} Of course, there is a risk of mortality and morbidity from LT, which may arise from either the surgery itself, or from the suppressed state of immune system which is required for the survival of the graft. Initially, it was believed that neonates may be at high risk of complications from LT. However, studies within the last decade have shown that neonates and infants record more positive outcomes from LT.[^24^](#jmd212119-bib-0024){ref-type="ref"} Perhaps all patients with infantile onset PA should undergo LT or a comparable treatment strategy utilizing nucleic acids.

In summary, we report the first case of a patient with infantile onset PA who developed lethal cardiomyopathy 3 years after a liver transplant. Following his transplant, he was stable and it was thought that his cardiomyopathy would never return. The pathogenesis of cardiomyopathy in PA ought to be a research priority.

Supporting information
======================
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**Figure S1**. Brain MRI at 11 years of age pre‐liver transplant showing bilateral T2 hyperintensities in the striatum.
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Click here for additional data file.
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**Table S1**. Major medical and medication events.

###### 

Click here for additional data file.
